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Introduction

Since the first studies in the late 1980s and early 1990s, dynamic susceptibility contrast MRI (DSC-MRI, also known
as ‘bolus tracking’) has become a very powerful technique for the assessment of perfusion®, and perfusion-related
parameters (see (1,2) for recent reviews). Despite the need of an exogenous MR agent (cf. arterial spin labeling
techniques), DSC-MRI is currently the most common MR perfusion methodology in clinical studies. It relies on the
injection of a bolus of a paramagnetic contrast agent (usually gadolinium-DTPA), which produces a transient
decrease in signal intensity on a series of gradient-echo or spin-echo images acquired during its passage through the
brain (3). The loss in signal intensity is due to the decrease in T,* (or T,)? associated with the susceptibility-induced
gradients surrounding the paramagnetic contrast agent (4). This effect is more significant in areas where the contrast
agent is compartmentalized (since this increases the induced gradients) and makes quantification of cerebral
perfusion in areas with blood-brain barrier (BBB) leakage more complex (see later).

Since the passage of the bolus through brain tissue is of the order of a few seconds, a very fast imaging method is
required to fully characterize the induced signal changes. The most common imaging technique currently used is
EPI (5), which allows for a good compromise between time resolution (typical TR~1.5sec), image coverage
(typically 10-15 slices) and spatial resolution (typical voxel size 2x2x5mm?). However, other image acquisitions can
be used if full brain coverage is required (e.g. 3D-PRESTO (6)), or if improved spatial resolution is necessary (e.g.
segmented EPI).

Quantification — Indicator dilution theory

The changes in relaxation rate (AR,*) are related to the concentration of the contrast agent: the larger the
concentration, the larger the observed effect. Early work has suggested that this relationship can be assumed to be
linear (3,4,7):*

C(t)=k-AR;(t) 1)

where C(t) is the time dependent contrast concentration, and k is a proportionality constant that depends on the tissue
type, the contrast agent, the field strength, and the pulse sequence. Therefore, if one assumes negligible T1 effects
during the bolus passage, C(t) can be calculated from the changes in signal intensity with respect to its baseline (i.e.
pre-injection) value:

C(t) = _K Ln(s(t)j )
TE S,

where S(t) is the signal intensity at time t, S, is its baseline value, and TE the echo-time of the MR sequence.

The concentration in the tissue is not only proportional to CBF, but it is also affected by how the study is done (for
example, a slower injection will lead to a wider C(t)). Using indicator dilution theory, the concentration time course
can be shown to be expressed by a convolution equation (12,13):

! Throughout this document the terms perfusion, cerebral blood flow (and its acronym CBF) will be used indistinguishable.
2For the remainder of this document, all the statements referring to T,* are also applicable to T,.

3 Although a linear relationship is usually used, recent studies have suggested that this linear relationship may not always be
valid, particularly for large contrast concentration such as in big vessels (8,9). Therefore, although the assumption of a linear
relationship may be valid for the concentration in the tissue, it may be a significant source of error in the measurement of the
arterial input function (see later). Possible solution: use the phase information of the MR images (9-11).




C(t)=a-CBF(C,(t) ®R(t))=a- CBFJ:Ca(r)R(t —7)dr 3)

where the symbol ® indicates the convolution operation, C,(t) is the arterial input function (AlIF), i.e. the function
describing the contrast agent input to the tissue of interest, and R(t-7) is the tissue residue function, which describes
the fraction of contrast agent remaining in the tissue at time t, following the injection of an ideal instantaneous bolus
at time z.* The proportionality constant o depends on the density of brain tissue, and the difference in hematocrit
levels between capillaries and large vessels (to compensate for the fact that only the plasma volume is accessible to
the contrast agent) (1). The integral in Eq.(3), accounts for the fact that for a non-ideal bolus, part of the spread in
the concentration time curve is due to the finite length of the actual bolus. It is possible to interpret the integral
expression in Eq.(3) by considering the AIF as a superposition of consecutive ideal boluses “C,(7)d 7 injected at
time z. For each ideal bolus, based on the definition of the residue function, the concentration still present in the
tissue at time t will be proportional to “C.(7)R(t-7)dz”’, and the total concentration C(t) will be given by the sum (or
integral) of all these contributions.

Quantification — Deconvolution

Quantification of CBF therefore involves inversion of Eq.(3), a mathematical process known as deconvolution (13).
This requires measurement of the AIF, and calculating the scaled residue function CBF-R(t) (known as the impulse
response function). Once this function is calculated, perfusion can be obtained from its initial value, since R(t=0)=1
by definition.®

Although inverting Eq.(3) (i.e. performing the deconvolution) may appear simple at first sight, this inverse problem
is known mathematically as an ill-posed problem. This means that even a tiny amount of noise in the measured
concentration curves will have huge effect on the calculated impulse response (and thus CBF!). To deal with this
issue, a special approach (known as regularization) is required to make the inversion problem more stable to the
presence of noise.® Therefore, a considerable amount of work has been done in the last decade to develop, assess,
and compare various deconvolution algorithms; a lot of this work involved the use of numerical simulations, where
the conditions can be modified in a controlled way, and the actual answer is known. Some of the algorithm proposed
to date include: Fourier Transform approach (13,14), singular value decomposition (SVD) and its variants (13,15-
17), maximum-likelihood maximization (18), Tikhonov regularization (19), expansion in orthogonal polynomials
(20), and Gaussian processes deconvolution (21). Ideally an algorithm should lead to accurate measurements under a
wide a range of practical situations, such as under various tissue characteristics (e.g. perfusion values, residue
function models), imaging characteristics (e.g. SNR levels), sequence parameters (e.g. TR, TE), as well as for other
experimental conditions (such as the presence of bolus delay to areas with abnormal vascular supply). Furthermore,
the algorithm should be fast to be able to be used in a clinical environment. Unfortunately, there is currently no
single algorithm that fulfils all these requirements; the likely reason for the lack of consensus between users. It is for
this reason that this is still an area of very active research.

Quantification — Other physiological and hemodynamic parameters

DSC-MRI can provide information not only about perfusion but also about other physiological and hemodynamic
parameters. For example, due to the compartmentalization of the contrast agent within the intravascular space (for
an intact BBB)’, the cerebral blood volume (CBV) is proportional to the normalized total amount of tracer (1):

4 By definition, R(0)=1, i.e. no tracer has left the tissue at time t=rafter an ideal instantaneous bolus injected at time z, and
R(0)=0, i.e. at very long times, no tracer remains in the tissue if the BBB is intact and the contrast is washed out by perfusion.

® Although in theory the initial value of the impulse response determines perfusion, in many cases the maximum value of the
function is used instead (13). The presence of bolus dispersion (see later) distorts the shape of the calculated impulse response
function such that R(0)=0.

® The regularization can be seen as a “filter’ applied during the inversion problem, which aims at reducing the effect of noise
while recovering the true impulse response function. Many regularization methods have been developed, depending on the
characteristics of the “filter’. For any regularization method, a key (and usually complex) aspect is to determine the right amount
of filtering once the “filter’ type is chosen.

" When the BBB is not intact, quantification of CBV is more complicated; the calculation must account for the contrast agent in
the extravascular space (see later).
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where the proportionality factor o' is the inverse of the factor in Eq.(3). The normalization to the integral of AIF
accounts for the fact that, the more tracer is injected the greater concentration will reach the tissue, regardless of the
CBV. A third physiological parameter accessible by DSC-MRI is the mean transit time (MTT: the average time for a
molecule of contrast agent to pass through the tissue vasculature following an ideal instantaneous bolus injection).
These three physiological parameters are not independent, but they are related through the central volume theorem
(22): MTT=CBV/CBF.

Other hemodynamic parameters (also known as summary parameters) can also be calculated directly from the
profile of the C(t) curve as indirect perfusion measures (1). There are several different parameters, such as bolus
arrival time (BAT), time to peak (TTP), i.e. time until the maximum of C(t), maximum peak concentration (MPC),
i.e. maximum value of C(t), and full-width at half maximum (FWHM). It should be noted that most of these
parameters can be influenced not only by CBF, but also by CBV, MTT, the injection conditions (volume injected,
injection rate, cannula size, etc), the vascular structure, and the cardiac output of the patient. Therefore, the
interpretation of abnormalities observed in these parameters in terms of perfusion is not straightforward (23,24).
Nevertheless, they are simpler to calculate (they do not require deconvolution or knowledge of the AIF) and can
provide useful information; for example, the BAT identifies areas for which the bolus is delayed, which can provide
information regarding the presence of collateral blood supply.

Quantification — Absolute units

DSC-MRI can provide, in principle, CBF in absolute units (typically ml/100g/min). There are three main
approaches to achieve this:
1. Use of an internal standard: since CBF measurements using PET have initially suggested a relatively age-
independent and uniform white matter value of 22 ml/100g/min in normal adults, a region in normal white
matter was proposed as an internal standard to convert the MR measurement to absolute units (25).
2. Knowledge of the proportionality constants: if the values of the constants appearing in the equations above
are known, the deconvolution method would lead to absolute measurements (14,20,26-28).
3. Use of a scaling factor obtained from a cross-calibration study: the MR CBF values can be converted to
absolute units by using an empirical conversion factor calculated (usually from a separate study) by cross-
calibration of DSC-MRI to a “gold standard’ technique (e.g. PET) (29,30).

Although all these approaches have been used to calculate perfusion in absolute units and the values obtained in
normal subjects are consistent with expected CBF values, there are still some concerns regarding the accuracy under
various physiological conditions (31-34), and the agreement might have been fortuitous. In principle, all the
approaches can potentially lead to errors, particularly in the presence of pathology. For example, a recent study has
shown a wide variability in white matter CBF values measured with PET on the contralateral hemisphere in patients
with chronic carotid occlusion (35). Similarly, some studies have shown that the constant k in Eq.(1) may vary
between tissue types, subjects, as well as between tissue and arteries (8,36). Furthermore, changes in hematocrit
levels (and therefore «) during pathology have been reported (37,38). Similarly, the validity of a single conversion
factor under various physiological conditions remains to be shown (34,35,39). Therefore, absolute CBF
measurements in the presence of pathology should be interpreted with caution. Work is currently under way to
address many of these issues, and accurate absolute measurements of CBF may be possible in the near future.

Measurement of the AIF

One of the first questions that arise when using the deconvolution approach is ‘Where should one measure the
AIF?’. As a ‘general rule’:
a) one should measure the AIF in a voxel with pure intravascular signal (for a true reflection of the arterial
signal);
b) one should measure it as close as possible to the tissue of interest (for a proper characterization of the input
to that tissue).




The main problem is that these conditions are incompatible: while (a) requires measuring the AIF from voxels in a
large artery such as the internal carotid artery (to avoid partial volume effects (40)), (b) requires measuring it from
the small arterial branch supplying the particular tissue of interest (41). Therefore, if one favors (a), the AIF
measurement will be subject to the potential presence of bolus delay and dispersion between the artery and the
tissue of interest; which can introduce errors in CBF quantification (41-43).% On the other hand, if option (b) is
favored, significant partial volume effects are likely to distort the shape of the true AIF, potentially also introducing
CBF errors (9,34,40,44). Given these limitations, the most commonly used approach to measuring the AIF is a
compromise between these two conditions: the AIF is generally measured from a major branch of the middle
cerebral artery (usually the M1 segment). It is generally acknowledged that inaccuracy in the AIF measurement is
one of the major potential sources of error in perfusion quantification. Therefore, it is important to recognize that
errors related to partial volume effects and bolus dispersion can be present when interpreting the calculated DSC-
MRI maps.

Global vs. Local AIF

As mentioned in the previous section, the AIF is commonly measured in a major artery, and this estimated function
used as a global AIF for the whole dataset. To minimize the errors related to bolus dispersion, it has been proposed
that a local AIF should be used instead (45-46).° This approach is likely to be particularly sensitive to partial volume
effects, and various methods to define a local AIF have been proposed. Although further work is required to validate
these approaches, they may prove to be a promising solution to minimizing the dispersion-related errors in certain
group of patients, such as those with arterial stenosis or occlusion.

Quantification — BBB breakdown

The kinetic model described in Eq.(3) is based on the assumption that the contrast agent remains intravascular. If
this not the case (e.g. when the BBB is disrupted), the distribution of the contrast agent outside the vascular
compartment decreases the T2* effects, as well as increases the T1 effects (usually neglected) during the passage of
the bolus. If these effects are not minimized (47) or taken into account (48), significant errors can be introduced in
quantification of DSC-MRI data (see (49) for a recent review). Although the use of a dual echo sequence (to
calculate T,") has been shown to eliminate the confounding effects of T, enhancement (48), this is done at the
expense of reducing the maximum number of slices available. In order to account for the T, effects, Weisskoff et al
(50) modeled the MR signal in terms of the combined T1 and T2* contributions. In such a way, they proposed a
method to quantify CBV in the presence of contrast leakage, as well as an estimation of vascular permeability
(50,51). More recently, this work has been extended to quantify not only CBV and a measure of permeability, but
also CBF (48,52). Since the effects of contrast leakage are included, it should provide a more accurate estimation of
perfusion when the BBB is disrupted, although a full validation of these modified models remains to be done.

Conclusion

DSC-MRI is a very powerful technique that provides unique information regarding cerebral hemodynamics. It has
been extensively used for the assessment and management of patients, as well as being an invaluable tool in
experimental studies. The principles of measuring perfusion using DSC-MRI have been reviewed. The main
assumptions and steps required for CBF quantification were described. The main limitations and artifacts that can
affect the accuracy of CBF quantification were discussed. Solutions to many of these limitations are the subject of
current research. In the interim, these issues should be taken into consideration whenever DSC-MRI is used to

8 Although some of the deconvolution algorithms are prone to errors due to bolus delay (e.g. (13)), there are now many
algorithms which have been shown to be delay-insensitive (e.g. (14,16-18)). Their use is highly advisable, especially in patients
with vascular abnormalities where bolus delay are likely to occur (32). The errors due to bolus dispersion are not related to the
particular deconvolution algorithm used, but they are a more fundamental limitation of the model used in Eq.(3); this equation
assumes that the true AIF is measured, and the unaccounted dispersion will be then assigned to occurring within the tissue of
interest (i.e. interpreted as a prolonged MTT and decreased CBF (32)). Therefore, it should be noted that while the particular
choice of deconvolution algorithm can remove the delay-related errors, it cannot eliminate those associated to bolus dispersion.
% In fact, by definition the AIF should be calculated on a pixel-by-pixel basis because the input to the tissue can be potentially
different for each voxel (depending on its blood supply).




measure perfusion, and the users of these techniques should be aware of the potential problems to avoid
misinterpretation of the findings, and make the most of the invaluable information provided by perfusion MRI.

References

1. Calamante F, Thomas DL, Pell GS, Wiersma J, Turner (1999). Measuring cerebral blood flow using magnetic
resonance techniques. J Cereb Blood Flow Metab19:701-735.

2. Barbier EL, Lamalle L, Décorps M (2001). Methodology of brain perfusion imaging. J Magn Reson Imaging
13:496-520.

3. Rosen BR, Belliveau JW, Vevea JM, Brady TJ (1990). Perfusion imaging with NMR contrast agents. Magn
Reson Med 14:249-265.

4. Villringer A, Rosen BR, Belliveau JW, Ackerman JL, Lauffer RB, Buxton RB, Chao YS, Wedeen VJ, Brady TJ
(1988) Dynamic imaging with lanthanide chelates in normal brain: contrast due to magnetic-susceptibility
effects. Magn Reson Med 6:164-174.

5. Stehling MK, Turner R, Masfield P (1991) Echo-planar imaging: magnetic resonance imaging in a fraction of a
second. Science 254:43-50.

6. Klarhofer M, Dilharreguy B, van Gelderen P, Moonen CTW (2003). A PRESTO-SENSE sequence with
alternating partial-Fourier encoding for rapid susceptibility-weighted 3D MRI time series. Magn Reson Med 50:
830-838.

7. Weisskoff RM, Zuo CS, Boxerman JL, Rosen BR (1994b) Microscopic susceptibility variation and transverse
relaxation. Theory and experiment. Magn Reson Med 31:601-610.

8. Kiselev VG (2001) On the theoretical basis of perfusion measurements by dynamic susceptibility contrast MRI.
Magn Reson Med 46:1113-1122.

9. van Osch MJP, Vonken EPA, Viergever MA, van der Grond J, Bakker CJG (2003). Measuring the arterial input
function with gradient echo sequences. Magn Reson Med 49:1067-1076.

10. Akbudak E, Conturo TE (1996). Arterial input functions from MR phase imaging. Magn Reson Med 36:809-
815.

11. Conturo TE, Akbudak E, Kotys MS, Chen ML, Chun SJ, Hsu RM, Sweeney CC, Markham J (2005). Arterial
input functions for dynamic susceptibility contrast MRI: requirements and signal options. J Magn Reson
Imaging 22:697-703.

12. Zierler KL (1962). Theoretical basis of indicator-dilution methods for measuring flow and volume. Circ Res
10:393-407.

13. @stergaard L, Weisskoff RM, Chesler DA, Gyldensted C, Rosen BR (1996) High resolution measurement of
cerebral blood flow using intravascular tracer bolus passages. Part I. Mathematical approach and statistical
analysis. Magn Reson Med 36:715-725.

14. Rempp KA, Brix G, Wenz F, Becker CR, Guckel F, Lorenz WJ (1994). Quantification of regional cerebral
blood flow and volume with dynamic susceptibility contrast-enhanced MR imaging. Radiology 193:637—641.

15. Liu HL, Pu Y, Liu Y, Nickerson L, Andrews T, Fox PT, Gao JH (1999). Cerebral blood flow measurement by
dynamic contrast MRI using singular value decomposition with an adaptive threshold. Magn Reson Med
42:167-172.

16. Wu O, Ostergaard L, Weisskoff RM, Benner T, Rosen BR, Sorensen AG (2003). Tracer arrival timing-
insensitive technique for estimating flow in MR perfusion-weighted imaging using singular value
decomposition with a block-circulant deconvolution matrix. Magn Reson Med 50:164-174.

17. Smith MR, Lu H, Trochet S, Frayne R (2004). Removing the effect of SVD algorithmic artifacts present in
quantitative MR perfusion studies. Magn Reson Med 51:631-634.

18. Vonken EP, Beekman FJ, Bakker CJ, Viergever MA (1999). Maximum likelihood estimation of cerebral blood
flow in dynamic susceptibility contrast MRI. Magn Reson Med 41:343-350.

19. Calamante F, Gadian DG, Connelly A (2003). Quantification of bolus tracking MRI: improved characterization
of the tissue residue function using Tikhonov regularization. Magn Reson Med 50:1237-1247.

20. Schreiber WG, Guckel F, Stritzke P, Schmiedek P, Schwartz A, Brix G (1998). Cerebral blood flow and
cerebrovascular reserve capacity: estimation by dynamic magnetic resonance imaging. J Cereb Blood Flow
Metab 18:1143-1156.

21. Andersen IK, Szymkowiak A, Rasmussen CE, Hanson L, Marstrand JR, Larsson HBW, Hansen LK (2002).
Perfusion quantification using Gaussian process deconvolution. Magn Reson Med 48:351-361.

22. Stewart GN (1894) Researches on the circulation time in organs and on the influences which affect it. Part I-11I.
J Physiol 15:1-89.



23.

24,

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

Weisskoff RM, Chesler D, Boxerman JL, Rosen BR (1993). Pitfalls in MR measurement of tissue blood flow
with intravascular tracers: Which mean transit-time? Magn Reson Med 29:553-559.

Perthen JE, Calamante F, Gadian DG, Connelly A (2002). Is quantification of bolus tracking MRI reliable
without deconvolution? Magn Reson Med 47:61-67.

@stergaard L, Sorensen AG, Kwong KK, Weisskoff RM, Gyldensted C, Rosen BR (1996) High resolution
measurement of cerebral blood flow using intravascular tracer bolus passages. Partll. Experimental comparison
and preliminary results. Magn Reson Med 36:726-736.

Vonken EPA, van Osch MJP, Baker CJG, Viergever MA (1999). Measurement of cerebral perfusion with dual-
echo multi-slice quantitative dynamic susceptibility contrast MRI. J Magn Reson Imaging 10:109-117.

Smith AM, Grandin CB, Duprez T, Mataigne F, Coshar G (2000). Whole brain quantitative CBF and CBV
measurements using MRI bolus tracking: comparison of methodolgies. Magn Reson Med 43:559-654.

Grandin CB, Duprez TP, Smith AM, Mataigne F, Peeters A, Oppenheim C, Cosnard G (2001). Usefulness of
magnetic resonance-derived quantitative measurements of cerebral blood flow and volume in prediction of
infarct growth in hyperacute stroke. Stroke 32:1147-1153.

@stergaard L, Johannsen P, Poulsen PH, Vestergaard-Poulsen P, Asboe H, Gee AD, Hansen SB, Cold GE,
Gjedde A, Gyldensted C (1998). Cerebral blood flow measurements by magnetic resonance imaging bolus
tracking: comparison with [0-15] H2O positron emission tomography in humans. J Cereb Blood Flow
Metab18:935-940.

@stergaard L, Smith DF, Vestergaard-Poulsen P, Hansen SB, Gee AD, Gjedde A, Gyldensted C (1998).
Absolute cerebral blood flow and blood volume measured by magnetic resonance imaging bolus tracking:
comparison with positron emission tomography values. J Cereb Blood Flow Metab18:425-432.

Sorensen AG (2001) What is the meaning of quantitative CBF? AJNR Am J Neuroradiol 22:235-236.
Calamante F, Gadian DG, Connelly A (2002). Quantification of perfusion using bolus tracking MRI in stroke.
Assumptions, limitations, and potential implications for clinical use. Stroke 33:1146-1151.

Calamante F (2005). Artifacts and pitfalls in perfusion MR imaging. Book: Clinical MR Neuroimaging:
diffusion, perfusion and spectroscopy (Editors: J. Gillard, A. Waldman and P. Barker). Cambridge University
Press; pp. 141-160.

Lin W, Celik A, Derdeyn C, An H, Lee Y, Videen T, Ostergaard L, Powers WJ (2001) Quantitative
measurements of cerebral blood flow in patients with unilateral carotid artery occlusion: a PET and MR study. J
Magn Reson Imaging 14:659-667.

Mukherjee P, Kang HC, Videen TO, McKinstry RC, Powers WJ, Derdeyn CP (2003). Measurement of cerebral
blood flow in chronic carotid occlusive disease: comparison of dynamic susceptibility contrast perfusion MR
imaging with positron emission tomography. AJINR Am J Neuroradiol 24:862-871.

Johnson KM, Tao JZT, Kennan RP, Gore JC (2000) Intravascular susceptibility agent effects on tissue
transverse relaxation rates in vivo. Magn Reson Med 44:909-914.

Loufti I, Frackowiak RS, Myers MJ, Lavender JP (1987). Regional brain hematocrit in stroke by single photon
emission computer tomography imaging. Am J Physiol Imaging 2:10-16.

Yamamuchi H, Fukuyama H, Nagahama Y, Katsumi Y, Okazawa H (1998). Cerebral hematocrit decreases with
hemodynamic compromise in carotid artery occlusion: a PET study. Stroke 29:98-103.

Grandin C, Bol A, Smith A, Michel C, Cosnard G (2005). Absolute CBF and CBV measurements by MRI bolus
tracking before and after acetazolamide challenge: repeatability and comparison with PET in humans.
Neuroimage 26: 525-535.

van Osch MJP, van der Grond J, Bakker CJG (2005). Partial volume effects on arterial input functions: shape
and amplitude distortions and their correction. J Magn Reson Imaging 22:704-709.

Calamante F (2005). Bolus dispersion issues related to the quantification of perfusion MRI data. J Magn Reson
Imaging 22:718-722.

@stergaard L, Chesler DA, Weisskoff RM, Sorensen AG, Rosen BR (1999) Modeling cerebral blood flow and
flow heterogeneity from magnetic resonance residue data. J Cereb Blood Flow Metab 19:690-699.

Calamante F, Gadian DG, Connelly A (2000). Delay and dispersion effects in dynamic susceptibility contrast
MRI: simulations using singular value decomposition. Magn Reson Med 44:466-473.

Wirestam R, Ryding E, Lindgren A, Geijer B, Holtas S, Stahlberg F (2000) Absolute cerebral blood flow
measured by dynamic susceptibility contrast MRI: a direct comparison with Xe-133 SPECT. MAGMA 11:96-
103.

Alsop D, et al. (2002). Defining a local input function for perfusion quantification with bolus contrast MRI. In:
Proc ISMRM, Honolulu, p.659.



46.

47,

48.

49,

50.

51.

52.

Calamante F, Mgrup M, Hansen LK (2004). Defining a local arterial input function for perfusion MRI using
independent component analysis. Magn Reson Med 52:789-797.

Sorensen AG, Reimer P (2000) Cerebral MR perfusion imaging. Principles and current applications. Georg
Thieme Verlag , Stuttgart, Germany.

Vonken EPA, van Osch MJP, Baker CJG, Viergever MA (2000) Simultaneous qualitative cerebral perfusion
and Gd-DTPA extravasation measurements with dual-echo dynamic susceptibility contrast MRI. Magn Reson
Med 43:820-827.

Calamante F (2005). Quantification of dynamic susceptibility contrast T2* MRI in oncology. In series: Medical
Radiology — Diagnostic Imaging. Book: Dynamic Contrast-Enhanced Magnetic Resonance Imaging in
Oncology (Editors: A. Jackson, D.L. Buckley and G.J.M. Parker). Springer-Verlag, Heidelberg; pp. 53-67.
Weisskoff RM, Boxerman JL, Sorensen AG, Kulke SM, Campbell TA, Rosen BR (1994) Simultaneous blood
volume and permeability mapping using a single Gd-based contrast injection. In: Proceedings of the 2nd Annual
Meeting of SMRM, San Francisco, p.279.

Donahue KM, Krouwer HGJ, Rand SD, Pathak AP, Marszalkowski CS, Censky SC, Prost RW (2000) Utility of
simultaneously acquired gradient-echo and spin-echo cerebral blood volume and morphology maps in brain
tumor patients. Magn Reson Med 43:845-853.

Quarles CC, Ward BD, Schmainda KM (2005). Improving the reliability of obtaining tumor hemodynamic
parameters in the presence of contrast agent extravasation. Magn Reson Med 53: 1307-1316.



	Table of Contents
	2006 Annual Meeting Program Committee
	Continuing Education
	Declaration of Speaker Financial Interests or Relationships
	================
	Saturday, 6 May 2006
	MR Physics for Physicists - Day 1 - 08:30 to 18:00 ~ Room 6E
	Origins of the Equations of Magnetization Dynamics 
	Numerical Implementation of the Bloch Equation to Simulate Magnetization Dynamics and Imaging
	Alternate Mechanisms for Spin Polarization
	Imaging Strategies for Hyperpolarized Elements and Molecules 
	Contrast Mechanisms in Molecular Imaging - No syllabus contribution available
	Quantum Mechanical and Semi-Classical Theory of Relaxation
	Relaxation and Contrast Mechanisms in Living Tissue 
	Fast SE/TSE/RARE, Refocusing with Low Flip Angle Pulses
	Fast Gradient Echo Including SSFP
	Pulse Sequence Design for EPI and Non-Cartesian Sampling
	Limits of SNR and Practical Consequences 

	Quantitative Image and Data Analysis - Day 1 - 09:00 to 17:40 ~ Room 613-614
	Introduction to Quantitative Analysis 
	Mapping of Quantitative MR Parameters
	Statistical Analysis of Quantitative MR Data: Basic Methods
	Artifacts, Noise, Filtering and Compensation Techniques 
	Image Registration and Motion Correction 
	Feature Extraction, Shape Fitting, and Image Segmentation
	Quantitative Morphology: Volumes, Shapes, and Voxel-Based Measures
	Motion Estimation, Modeling, and Compensation  
	Bulk Flow Measurements and Angiography 

	Advanced Body Imaging - 08:30 to 18:15 ~ Room 6D
	Approach to Diagnosis of the Difficult Liver Lesion with MRI
	Liver Specific Contrast Agents: An Update
	Assessing Tumor Response in Liver Therapy
	Pancreas: From Structure to Function
	MRCP and MRI in the Evaluation of Bile Duct Obstruction
	MRI of Ano-Rectal Diseases
	MRI of Prostate Cancer: Diagnosis, Staging, and Treatment 
	The Role of MRI in Evaluating Benign Uterine Disease
	Diagnosing, Staging and Stratifying Patients with Malignant Uterine Disease
	Characterizing Adnexal Masses: Pearls and Pitfalls
	Optimizing Your Breast MRI Technique
	MRI Criteria to Diagnose Breast Cancer 
	MRI Screening of High Risk Women
	MR Guided Breast Interventions

	Clinical MRI: From Physical Principles to Practical Protocols - 08:00 to 17:45 ~ Room 615-617
	Overview of MR Physics
	Musculoskeletal MR Principles (Spin-Echo, FSE, Gradient Echo)
	Musculoskeletal MR Practical Protocols 
	Body MR Principles (STIR, Gradient Echo, Fast Imaging Tricks)
	Body Protocols
	Vascular MR Principles (TOF, 3D GRE)
	Vascular Protocols
	Neuro MR Principles (FLAIR, EPI-Perfusion, Diffusion)
	Neuro Protocols  
	Cardiac MR Principles (Gating, True FISP, Phase Contrast)  
	Cardiac Protocols

	Diffusion and Perfusion Methodology - 08:30 to 18:15 ~ Room 6C
	Theory of Diffusion
	Biophysical Underpinnings of Diffusion
	Tensor Encoding / Decoding
	Sequences for Diffusion MRI
	Artifacts and Pitfalls in Diffusion MRI -  No syllabus contribution available
	DSI/ Qball/ GDTI and Tractography
	Theory of Perfusion Measurements
	DSC Perfusion (with Pitfalls)
	ASL Perfusion - Pulsed/Continuous
	New Ideas in Perfusion
	Exchange
	Clinical Applications of Diffusion/Perfusion MRI: A Review

	Molecular Imaging - 08:00 to 17:50 ~ Room 602-604
	Introduction
	Imaging Technologies I: Physical Principles, Technical Issues
	Imaging Technologies II: Comparison of Techniques, Strengths/Weaknesses, Fusion
	Combined Technologies: MRI/PET, PET/CT, MRI/Optical Œ Instrumental Aspects - No syllabus contribution available
	Concepts of Probe Design I: Physical Principles of Reporter Moieties
	Concepts of Probe Design II. Design of Target-Specific Probes
	Combined Technologies: Multimodal Probes
	Non-Invasive Imaging of Cell Signaling
	Imaging the Function of Gene Products
	Monitoring Cell Migration
	Molecular Imaging in Drug Research 
	Molecular Imaging and Atherosclerosis
	Molecular Imaging in Experimental Therapeutics of Cancer

	MR Spectroscopy in Clinical Practice - 08:30 to 18:00 ~ Room 611-612
	Basics of MR Spectroscopy for the Practicing Clinician
	1D, 2D and 3D Localization Techniques and Shimming
	Data Processing and Interpretation
	1D and 2D Quantification Methods
	Quality Assurance and Artifacts
	Clinical Potential of C- and P-MRS
	MRS in Congenital Metabolic Disorders
	MRS in Pediatric Tumors
	MRS in Perinatal Asphyxia
	MRS, MRI & fMRI in Epilepsy Surgery
	MRS in Therapy Planning and Follow-up of Adult Brain Tumors
	MRS in Stroke, MS and Infectious Diseases
	MRS in Neurodegenerative Diseases
	MRS in Psychiatric Diseases
	P31-MRS of Muscle Diseases
	MRS of Prostate Diseases

	RF Systems Engineering - 08:30 to 18:15 ~ Room 618-620
	Overview of Signal Detection and the RF Chain
	Principles and Modeling of the Signal Detection by a Coil
	Introduction to the World of RF; Transmission Lines, Impedence Transformers, and RF Components
	RF Measurements: The Network Analyzer and Smith Chart
	Preamp Design and Characterization 
	T/R Switchs, Baluns, Traps, and Active Detuning Elements
	Volume Coil Types and Design Principles
	Array Coil Types and Design Principles
	Modeling the EM Wave Interaction with the Body and SAR 
	Transmit SENSE Coil


	===============
	Sunday, 7 May 2006
	MR Physics for Physicists - Day 2 - 08:30 to 18:00 ~ Room 6E
	MR Elastography
	Velocity Encoding and Flow Imaging
	Gridding for Non-Cartesian k-Space Sampling
	Reconstruction for Multi-Coil Acquisition
	Generalized Spatial and Temporal Interpolation, Limited Data Reconstruction
	Overview of the Technical Challenges
	Optimized Pulse Sequences at High Field 
	Principles of Parallel Transmission
	Physical Principles for the Assessment of MRI Safety at High Field 

	Quantitative Image and Data Analysis - Day 2 - 09:00 to 17:40 ~ Room 613-614
	Perfusion/Permeability 1: Tracer Kinetic Modeling Using Contrast Agents
	fMRI Modeling and Analysis
	Perfusion/Permeability 2: Modeling of Arterial Spin Labeling Signals
	Spectroscopy Modeling and Analysis
	Elastography Modeling and Analysis
	Data Presentation and Interpretation: Rendering, Data Fusion, and Surgical Planning
	Quantitative Data in Clinical Practice - No syllabus contribution available

	Experimental Methods in MR of Cancer - 08:30 to 17:15 ~ Room 6C
	Evaluating Pathways, Inhibition and Regulation Using MRS
	Choline Metabolism: Meaning and Significance
	Clinical Applications of Magnetic Resonance Spectroscopy
	Measuring Vascular Properties Using Contrast Agents
	Tracer Kinetic Models: Extracting Physiological Vascular Information
	Measuring Vascular Properties Using Intrinsic Contrast Mechanisms (inc BOLD)
	Hypoxia and its Assessment
	Clinical Applications of MR Methods That Assess Tumor Vascular Functionality
	Associating MR Findings with MR Gene and Protein Expression
	Diagnosis of Cancer Using MAS
	Apoptosis: MR Consequences
	Diffusion MRI:  A Biomarker for Cancer Treatment Response

	Multi-Modal fMRI: Physiology, Acquisition, and Analysis - 08:30 to 18:15 ~ Room 611-612
	Brain Oscillations and Neural Networks
	Physiology, Hemodynamics, and BOLD Signals
	fMRI Paradigm Design
	Pre-processing of BOLD fMRI Data
	General Linear Model for BOLD fMRI Analysis
	Independent Component Analysis of BOLD fMRI Data
	Diffusion Tensor Imaging: Acquisition and Processing
	DTI/fMRI: Integration/Synergy
	Low-Frequency BOLD Fluctuations and Brain Functional Connectivity
	Perfusion-Based fMRI
	Blood-Volume-Based fMRI

	Demystifying Biomedical MR Spectroscopy: Challenges, Advanced Concepts, and Applications - 08:00 to 15:15 ~ Room 615-617
	The Art of RF Pulse Design for MRS 
	Spectral Editing - Uncovering Hidden Metabolites
	What is the "Hype" in  Hyperpolarization?
	New Approaches to Spectral Processing and Quantification
	Ex Vivo Spectroscopy - Linking the Benchtop to the Clinic
	Multi-nuclear MRS of Metabolic Dynamics in the Brain
	New Approaches to MRS of Cerebral Disorders
	Spectroscopic Window on Tumor Metabolism
	Advances in MRS of Diabetes and Obesity

	Musculoskeletal Imaging - 08:00 to 17:25 ~ Room 618-620
	Shoulder MR Update
	MRI of the Elbow
	MRI of Muscle Injury
	MRI of the Wrist and Hand
	Knee MR Update
	MRI of the Ankle
	MRI of the Hip
	Bone Marrow Imaging
	MRI of Soft Tissue Pseudotumors

	Advanced Brain MR Imaging - 08:30 to 17:45 ~ Room 602-604
	Protocol Update: Stroke, Tumors, Epilepsy and MS - No syllabus contribution available
	High-Resolution Cortical Imaging
	Parallel Imaging: Concepts and Applications
	Brain Imaging at 3T and Challenges at 7T
	Measuring Brain Volume Changes: the Tools
	Volumetrics of Brain Development
	Volumetrics of MS and Aging
	DSC Perfusion: Concepts and Applications
	ASL Perfusion: Concepts and Applications
	DTI: Concepts, Quantification and Quality Issues
	DTI of Brain Development
	Fiber Tracking: Concepts and Applications
	Data Analysis, Reproducibility and Reliability, Pitfalls
	Clinical Applications: Surgical Planning in Tumors 
	Clinical Applications: Neurodegenerative Disorders and MS

	Cardiac MRI - 07:30 to 17:15 ~ Room 6D
	Imaging of Coronary Artery Disease with MRI/MRA
	Ischemia Detection Using Perfusion, BOLD, etc.
	Ischemia Detection Using Wall Motion, Strain, etc. - Late addition to program/no syllabus contribution available
	Myocardial Viability: DE-MRI and LD-Dob
	MESA
	ICELAND MI:  An Epidemiology Study of Unrecognized Myocardial Infarction - No syllabus contribution available
	MR-IMPACT (Perfusion)
	Controversies and Approaches to Stem Cell Revascularization - Late addition to faculty/no syllabus contribution available
	Evaluation (Function, Ischemia) of Stem Cell Therapy Patients
	Stem Cell Labeling, Tracking, and Delivery in Cardiovascular Disease
	Stem Cell Therapy in Acute Myocardial Infarction
	Cardiac Imaging: 1.5T vs 3.0T - Where's the Benefit?
	Interventional CMR
	Cardiac Intervention





